−3.4 to −0.7, −2.1 days/decade for the ensemble mean). The results driven by the GCM historical runs are quite variable, with trends ranging from −8.5 to 0.2 days/decade (−1.5 days/decade for the ensemble mean), and the greatest uncertainty by far being associated with the particular GCM used. Finally, the trends for the future 2011-2050 A1B runs are more consistent and significant, ranging in this case from −3.7 to −0.5 days/decade (−2.0 days/decade for the ensemble mean), indicating a future significant decreasing trend. These trends are mainly determined by the increasing temperatures, as indicated by the interannual correlation between temperature and NSD (−0.63 in the observations), which is preserved in both ERA40-and GCM-driven simulations.
Introduction
The analysis of climate trends has become an important research topic during the last decades. As a result many global and regional trend studies are nowadays available, mostly for temperature and precipitation (see, e.g. Trenberth et al. 2007 ). However, other variables of interestsuch as snow-have received less attention. Snow, as a component of the cryosphere, has an important role in the water cycle and surface energy budget (Lemke et al. 2007; Vavrus 2007) , and it also strongly impacts socioeconomic activities such as the tourism industry in some regions (Gonseth 2013; Pons et al. 2012) .
In the last years several studies have analyzed-using both observations and model simulations-the evolution Abstract In a previous study Pons et al. (Clim Res 54(3):197-207, 2010 . doi:10.3354/cr01117g) reported a significant decreasing trend of snowfall occurrence in the Northern Iberian Peninsula since the mid 70s. The study was based on observations of annual snowfall frequency (measured as the annual number of snowfall days NSD) from a network of 33 stations ranging from 60 to 1350 m.
In the present work we analyze the skill of Regional Climate Models (RCMs) to reproduce this trend for the period 1961-2000 (using both reanalysis-and historical GCMdriven boundary conditions) and the trend and the associated uncertainty of the regional future projections obtained under the A1B scenario for the first half of the twenty-first century. In particular, we consider the regional simulation dataset from the EU-funded ENSEMBLES project, consisting of thirteen state-of-the-art RCMs run at 25 km resolution over Europe. While ERA40 severely underestimates both the mean NSD and its observed trend (−2.2 days/ decade), the corresponding RCM simulations driven by the reanalysis appropriately capture the interannual variability and trends of the observed NSD (trends ranging from 1 3 of several indicators associated with snow: snow frequency, cover and extent, and length of the snow season, among others (Pons et al. 2010; Morán-Tejeda et al. 2013; Piazza et al. 2014, etc.) . In general, these studies agree on a shortening of the snow season (Choi et al. 2010 ) and a decreasing snow cover extent (Lemke et al. 2007 ) in the Northern Hemisphere at the end of the twentieth century (see García-Ruiz et al. 2011 , and references therein) which also continues in the twenty-first century (Räisänen 2008; Räisänen and Eklund 2012) . Other studies have analyzed the influence of temperature and precipitation on snow cover trends; for instance, Clark et al. (1999) studied Eurasian winter snow extent and found that in regions where the mean winter temperature was well below zero, snow extent was mainly controlled by precipitation. However, in the transient regions where the mean winter temperature was relatively close to zero, the temperature control was dominant. This changing influence of temperature or temperature-precipitation in snow in different regions has important implications for the analysis of future projections, since the climate change signal for temperature is more robust than for precipitation in existing climate change projections. Therefore, snow projections in regions mainly influenced by temperature may also have a more robust climate change signal.
In Europe, a statistically significant decrease has been detected in the Alps since the early 80s in the mean snow depth, the duration of snow cover and the number of snowfall days, with more pronounced trends in the medium and lower altitudes (Laternser and Schneebeli 2003; Lemke et al. 2007 ). This decrease has been mainly attributed to an increase in mean temperature (Scherrer et al. 2004; Hantel and Hirtl-Wielke 2007) , mainly at lower elevations. A significant decreasing snow-pack trend has been also detected in the Pyrenees (López-Moreno 2005; Morán-Tejeda et al. 2013) , but attributed in this case to changes in both precipitation and temperature due to the medium and high altitudes. In a recent work, Buisan et al. (2015) studied the relationship between the number of snow days in the Pyrenees and other factors such as elevation, distance to the sea and weather types, finding a decreasing trend for the period 1971-2000. A number of recent applications of Regional Climate Models (RCMs) with respect to European snow cover and snowfall scenarios have also been carried out in the last years. These two variables are related since snow cover changes can partly be explained by changes in snowfall amounts (as reflected by a change in the number of snow days), in addition to changes in the melt rate of an existing snow pack. Steger et al. (2012) found that the RCMs are capable of simulating the general spatial and seasonal variability of Alpine snow cover and found a shortening of the snow cover season in the twenty-first century projections, with temperature changes appearing to be the dominant factor for the pronounced decrease in all analyzed snow parameters throughout the twenty-first century. Using high resolution RCM output, de Vries et al. (2014) showed that mean and extreme snowfall in most parts of western and central Europe are projected to reduce strongly in the future (2071-2100) while in a study for northern Europe (Räisänen 2015) , 12 regional model simulations of twentyfirst century climate suggest a decrease in the winter total snowfall in nearly all of the area.
The objective of the present study is to analyze the historical and future projected regional snowfall trends in a broad area of northern Spain-including the Cantabrian Range, the Central System and part of the Iberian System and the Pyrenees-building on a previous work by Pons et al. (2010) and focusing on annual snowfall occurrence (number of snowfall days, NSD). These authors identified temperature as the main variable influencing the interannual variability of NSD in their dataset of medium to low altitude stations (with an interannual correlation of −0.72). Since the climate change signal for temperature is robust (as mentioned earlier in Sect. 1), this is an opportunity to explore future snowfall projections in this area. In particular, we explore the ability of an ensemble of RCMs from the EU-funded ENSEMBLES project to properly reproduce the observed trends (both with "perfect" reanalysis boundary conditions and driven by the GCM outputs from the 20C3M historical scenario) and analyze the climate change signal produced in a future scenario (A1B) until the mid twenty-first century. We also analyze whether the observed relationship between temperature and NSD is preserved in the historical and future projections.
In the first part of the paper we present the different datasets considered in this work (Sect. 2) . Secondly, we analyze the capability of the ERA40-driven RCM simulations to reproduce the climatology and trends observed for the snowfall frequency in the period 1961 -2000 3). Then, we consider the GCM-driven simulations in order to analyze the trends projected by the RCMs under the historical (20C3M) and future (A1B, for the period 2011-2050) scenarios (Sect. 4). In Sect. 5 we study the correlation with temperature and, finally, we synthesize the main results and conclusions of this work (Sect. 6).
2 Area of study and available data
Observations
In this paper we consider 33 stations at medium to low heights (ranging from 60 to 1350 m) in Northern Iberia (see Fig. 1a ; Table 1 for more details) which have been analyzed by Pons et al. (2010) in a previous study; the stations belong to the Spanish Meteorological State Agency (AEMET). Daily data for snowfall occurrence and mean temperature (obtained as the mean value of maximum and minimum temperatures) was available for the period 1961-2000. Snowfall occurrence is an indication of whether snowfall was reported in a 24-h period, regardless of the amount (measurable snow on the ground is not even required to issue a report). The annual NSD inferred from this binary variable is then used throughout the study. By convention, the years considered in this paper don't correspond to natural years: they cover the period from September to May, preventing the winters to be artificially split into two separate years (summer months June, July and August-when practically no snowfall occurs-were excluded from this study).
The analysis of temperature is included in this work in order to explore the correlations with snowfall occurrence in present and future climates, following the The last four columns correspond to the closest RCM grid points to each station for the nine RCMs and indicate the multi-RCM mean annual number of snow days (NSD r ) for the same period, the mean (Height µ ) and the standard deviation (Height σ ) of the elevation, and its difference with the actual height of the station (Height results obtained in Pons et al. (2010) in which this variable showed the highest correlation. However, in order to compare the observations with the RCM data, some stations will be discarded in this study (see Sect. 2.3 for more details). In the previous study by Pons et al. (2010) all the analysis was focused on the period 1975-2000, since the observed trend was found to be more significant for this shorter period than for the whole available period . In this study, however, the whole period has been considered to harmonize the length of the historical and future (2011-2050) periods analysed. Moreover, the GCM-driven RCM runs have not been developed to reproduce the interannual variability observed in this period but the historical trend and, therefore, the analysis of a shorter period could lead to misleading results.
Model simulations
The EU-funded project ENSEMBLES (http://www.ensembles-eu.org) was a collaborative effort of different European meteorological institutions focused on the generation of climate change scenarios over Europe, including a large variety of communities and state-of-the-art methodologies and techniques. In particular, dynamical downscaling was performed using different RCMs run by different institutions (see the list in Table 2 ) over a common area covering the entire continental European region and with a common resolution of approx. 25 km, although with different native rotated grids for each model (the ICTP model is not considered in this study since it doesn't include the variable snow flux).
The RCMs were driven both by the ERA40-reanalysis of the European Centre for Medium Range Weather Forecasts (ECMWF, Uppala et al. 2005) , for a common period of 40 years , and by different Global Circulation Models (GCMs) based on the 20C3M and A1B (2001-2050) scenarios (Nakićenović 2000; Nakićenović and Swart 2000) ; in all cases, daily records of snow flux and temperature were downloaded from the DMI ENSEMBLES server (http://ensemblesrt3.dmi.dk/data; the data used correspond to the latest version available up to February 2015). The RCM simulations under both the 20C3M (historical) and A1B (future) scenarios were driven by one or several GCMs, as shown in Table 3 .
A basic quality control of the RCM data revealed some problems in the SMHI dataset, exhibiting very small NSD values. Therefore, the SMHI model was not considered in this paper. Moreover, in order to avoid model duplicity, only the version with 'normal' climate sensitivity of the Hadley models (HRQ0) was included in the ensemble, discarding the version with 'low' (HRQ3) and 'high' (HRQ16) climate sensitivities (Collins et al. 2010) .
Besides the RCM outputs we also analyze the global ERA40 reanalysis (Uppala et al. 2005) , produced by the European Centre for Medium Range Weather Forecasts (ECMWF) in collaboration with many institutions. This reanalysis was obtained from the ECMWF's MARS server for the period September 1961-August 2000 on its native resolution of 1.125 • × 1.125
• . An analysis of the GCM output itself was not possible as neither the CERA-database of the World Data Center for Climate (http://cera-www. dkrz.de/CERA/) nor the DMI ENSEMBLES server (for the HadCM3-Q0 and HadCM3-Q16 models) provides snowfall data for these models.
Data harmonization
In order to avoid the known drizzle effect of the climate models (Hay and Clark 2003; Piani et al. 2010 ) which leads Table 1 for geographical details). b ERA40 orography, c mean and d standard deviation of the orography of the RCMs over the regular 25 km grid to an overestimation of the probability of rain and snowfall occurrence, snowfall frequency (NSD) was obtained from snow flux (kg m −2 s −1
) using a threshold of 1 mm/ day (1/86,400 kg m −2 s −1 ). Moreover, for consistency with observations, mean temperature was obtained as the mean value of the maximum and minimum daily temperatures provided by the models.
Since each RCM has a different rotated grid, all of them were interpolated by nearest neighbours to a common 0.2 • (approx. 20 km) regular grid shown in Fig. 1 . Figure 1c, d shows the mean and standard deviation of the RCM elevations interpolated to this common grid. Note that the highest variability is obtained in regions with complex orography. In order to properly compare the stations and the RCM results, the height of each of the 33 stations was compared to the ensemble mean height of the closest RCM grid point (column 7 in Table 2 ), discarding those stations differing by more than 300 m (highlighted with superscript 'a' in Table 2 ). This criterion was chosen since the maximum inter-model standard deviation of the orography in the study region is around 300 m and therefore the station elevation will be close to the grid cell orography of most RCMs. Hereinafter we will consider the resulting 28 stations. This implies that only 12 of the initial 16 stations with temperature records will be considered when analyzing the correlation between NSD and temperature.
ERA40-driven simulations
In this part of the study we use the ERA40-driven RCM simulations in order to analyze the capability of the models to reproduce the NSD climatology, trend and interannual variability observed at the 28 stations (see Table 2 ; Sect. 2.1 for more details). The columns are the acronym used in the paper, the institution running the simulation, the model used and their corresponding references. The RCMs marked with superscript 'a' were discarded in this study to avoid model redundancy (HRQ3 and HRQ16) or due to problems with the dataset (SMHI) GCMs and RCMs are shown in columns and rows, respectively G1: ARPEGE , G2: BCM, G3: ECHAM5-r3, G4: HadCM3-Q0, G5: HadCM3-Q16 Figure 2 shows the annual NSD climatologies for the period 1961-2000 given by the observations, ERA40 and the RCMs driven by ERA40. In general terms, all the RCM simulations exhibit a similar spatial pattern, with spatial correlations with observations ranging between 0.58 and 0.87 (see the last numbers in the titles of Fig. 2) . The most noticeable difference is that simulations for C4I, CNRM and ETHZ (panels d, g, k) underestimate snowfall. In order to explore this difference, a further analysis of all the RCMs orography and mean temperature fields was performed (not shown in this paper). The surface orography is realistically represented in all cases and these three models don't exhibit higher mean temperature fields than the rest; hence, snowfall underestimation is probably due to deficiencies in the parameterization of precipitation microphysics in these models.
In order to validate the performance of the RCMs we compare the observed and simulated trends and the interannual variability of the corresponding spatially averaged annual series. To this aim we consider the mean annual NSD value over the 28 stations (for the observations) and over the closest model gridboxes to the 28 stations (for the simulations). The first number in the title of each panel in Fig. 2 shows the trends of the corresponding series-significant trends at a 95 % level are marked with an asterisk-whereas the second number indicates the (inter-annual) correlation for the period 1961-2000.
All the RCMs present negative trends-significant except the CNRM model-ranging from −3.4 to −0.7 days/decade, with similar slopes than the observed ones, with the exception of the models which underestimate snowfall (panels d, g, k) . Note that higher trends would be obtained for these models if they were biascorrected (rescaled) to avoid underestimation; however we keep the original raw RCM values to assess to performance of the original ensemble, which will be subsequently used later in the paper to infer future trend projections driven by different GCMs. Moreover, all models exhibit high interannual correlation coefficients (over 0.85 with the exception of CNRM and UCLM), thus indicating a good performance in reproducing the temporal evolution of the NSD. In order to appreciate more clearly its temporal evolution, Fig. 3 shows the interannual variability of the NSD averaged over the 28 stations/gridboxes in the period 1961-2000 for the ensemble of nine RCMs (indicated by the grey shadow, spanning from the minimum to the maximum value), together with the observations (red line), the ERA40 direct outputs (dashed black line), and the ensemble mean (black line). Figure 3b shows the corresponding anomaly series, obtained after removing the mean of each of the models. Firstly, note that the observed NSD values are contained within the ensemble of RCMs. Secondly, note that the ensemble mean adequately reproduces the observed interannual variability-with a correlation of 0.92 in the period 1961-2000, as shown in Fig. 2c and exhibits a very similar trend to the observations. Finally, ERA40 clearly underestimates the observed NSD (Figs. 2b, 3 ) and is not able to reproduce the observed interannual variability (with a correlation coefficient of 0.53) nor the trend. The lower resolution of ERA40 and hence its lower orography (see Fig. 1b ) is probably the main reason for its poor performance in representing the observed NSD values. This clearly shows the added value of the RCMs in this study, since they allow to properly reproduce the observed NSD climatology and trend when downscaling a reanalysis which simulates inadequately this variable. A similar trend analysis was also performed for mean temperature obtaining a larger agreement among all RCMs (ranging from 0.1 to 0.2 • C/decade) and the observations (0.2 • C/decade), as shown in the first column of Table 4 . In this case the temperature trend obtained directly from the ERA40 reanalysis series (0.4 • C/decade) was closer to the observations than the NSD trend. Table 4 shows the trends corresponding to the ensemble of RCM-GCM couplings for the same period as in the previous section , considering the historical 20C3M runs. In some cases these trends are comparable to those obtained for the ERA40-driven simulations (the trends for the ERA40-driven simulations are also included in the table to facilitate the comparison) but the variability of the results is largely conditioned by the particular driving GCM, both for snowfall and temperature. The multimodel GCM-RCMs ensemble mean shows a good performance, with significant trends of −1.5 days/decade and 0.2 • C/decade, similar to the observed ones (−2.2 days/ decade and 0.2 • C/decade). Table 5 shows the corresponding trends for the future (2011-2050) projections corresponding to the A1B scenario runs. Note that most of the trends are significant in this period, ranging from −3.7 to −0.5 days/decade, indicating a significant decreasing trend for the NSD of −2.0 days/decade, according to the multimodel ensemble mean.
GCM-driven projections
In order to graphically illustrate the influence of the driving GCM on the variability of the ensemble, Fig. 4a-c shows the composite series of the historical (20C3M) and future (A1B) anomalies (w.r.t. the 1965 1960 1970 1975 1980 1985 1990 1995 2000 Year . This change is due to a discontinuity caused by the changing scenario of the corresponding GCMs in year 2000 (from 20C3M to A1B), as shown in Fig. 4d-f , where the corresponding anomaly series for the 2001-2050 have been re-centered (shifted to the ensemble mean). The resulting series show a similar interannual variability clearly ilustrating that the greatest uncertainty by far is associated with the particular GCM used.
Correlation with temperature
The relationship of NSD with annual rain frequency and mean temperature was analyzed by Pons et al. (2010) , reporting correlation coefficients of 0.27 and −0.72, respectively, for the period 1957-2002. Taking into account this result, in the present paper we analyze only the correlation with mean temperature synthesizing the results in Table 6 (note that these results are based on only 12 stations with temperature records; see Table 2 ). This table shows the correlations considering the outputs of the RCMs nested with ERA40 and with the different GCMs under both the 20C3M and A1B scenarios, for the periods 1961-2000 and 2011-2050, respectively . Excluding CNRM and UCLM, all the RCMs forced with reanalysis data are able to reproduce reasonably well the observed dependence between the NSD and temperature in the period 1961-2000, with correlation values ranging from −0.73 to −0.56. Moreover, when comparing the results corresponding to the historical runs (20C3M) and the future scenarios (A1B) we found that the correlation is larger for the latter in most of the cases which may be related to the higher trends simulated by the regional models under the A1B scenario.
Conclusions
In this paper we have analyzed the performance of the ERA40-and GCM-driven RCM simulations to reproduce the spatial pattern and the interannual variability of the number of snowfall days in 28 stations of northern Spain, following the study by Pons et al. (2010) . One of the most clear conclusions of this work is that ERA40 cannot be used on its own in NSD trend assessment studies, although it properly reproduces the trend of temperature (the most important variable influencing snowfall in this region). Its low resolution is the most likely reason for not being able to represent either the interannual variability or the observed trend. However, practically all the RCM ERA40-driven simulations analyzed in this study capture properly the NSD spatial pattern (correlations ranging between 0.58 and 0.87), the interannual variability (correlations between 0.62 and 0.92), as well as the observed In the case of the GCM-driven simulations in the historical period (20C3M) the RCM results are quite variable with trends ranging from −8.5 to 0.2 days/decade although they practically all capture the sign and, mainly in the case of the HadCM3-Q0, the intensity of the NSD trends of the corresponding ERA40-driven simulation. Furthermore, the multi-model ensemble mean shows a good performance, with significant trends of −1.5 days/decade and 0.2 • C/decade, similar to the observed ones (−2.2 days/ decade and 0.2 • C/decade). The trends for the future GCMdriven projections (A1B scenario, 2011-2050) are more consistent and significant than the historical ones, ranging in this case from −3.7 to −0.5 days/decade; the multimodel ensemble mean indicates future significant trends of −2.0 days/decade and 0.38 • C/decade (33 % and almost 50 % higher than the ones simulated for the 1961-2000 period, respectively).
The correlation between the observed NSD and the temperature in the period 1961-2000 (−0.63) is preserved by both ERA40-and 20C3M scenario GCM-driven simulations (−0.61, −0.76, respectively) . This relation between both variables is stronger in the future A1B projections (−0.89), leading to opposite significant trends for both variables in the future.
Finally, another interesting result from this study is the fact that the greatest uncertainty by far in the GCM-RCM simulations is due to the particular GCM used. This is in agreement with previous results found by Déqué et al. (2012) , who found that the largest source of uncertainty for temperature and precipitation in the ENSEMBLES dataset came from the GCM (with the exception of Summer for precipitation). Although no proper separation of variance analysis has been performed in this paper, the results shown in Tables 4 and 5 and Fig. 4 clearly indicate that the fraction of variance explained by the GCM is very large in this case. Therefore, special care should be taken when constructing the multi GCM-RCM matrices in ensemble experiments for regional climate change in order to properly balance the contribution of each of the GCMs.
